How the cells break symmetry and organize their edge activity to move directionally is a fundamental question in cell biology. Physical models of cell motility commonly rely on gradients of regulatory factors and/or feedback from the motion itself to describe polarization of edge activity. Theses approaches, however, fail to explain cell behavior prior to the onset of polarization. Our analysis using the model system of polarizing and moving fish epidermal keratocytes suggests a novel and simple principle of self-organization of cell activity in which local cell-edge dynamics depends on the distance from the cell center, but not on the orientation with respect to the front-back axis. We validate this principle with a stochastic model that faithfully reproduces a range of cell-migration behaviors. Our findings indicate that spontaneous polarization, persistent motion, and cell shape are emergent properties of the local cell-edge dynamics controlled by the distance from the cell center.
The ability to break symmetry and move directionally is an essential property of most eukaryotic cells [1] [2] [3] . This happens in response to external stimuli, but also spontaneously [4] [5] [6] . Persistent motion requires segregation of cell-edge activities, so that protrusion happens predominantly at the front, and retraction at the back of the cell. In contrast, in cells exploring their environment, edge activity is on average spatially isotropic, but fluctuates in time between protrusion and retraction [7] [8] [9] [10] [11] . Thus both exploratory activity and the directional motion depend on the transitions between protrusion and retraction but how the cell chooses between these two regimes to establish spatial and temporal patterns of edge activity remains unclear. It is believed that in migrating cells a directional mechanism at the scale of the whole cell, e.g. a global gradient of cytoskeletal and/or signaling components, orchestrates cell-edge dynamics according to the overall motion direction [1, 5, [12] [13] [14] This concept is limited in that external directional stimuli [5, 13] in combination with internal diffusible signals interacting through feedback loops [15] [16] [17] [18] [19] [20] , feedback from the motion itself [6, [21] [22] [23] [24] , or very large and highly correlated perturbation to induce the polarized states [25] have to be invoked in order to establish the polarity axis. Fish epidermal keratocytes, thanks to their robust polarity, simple shape, and persistent motion, are a classic model system to study polarization and directional migration [3, 26] . Analysis of the edge dynamics of these cells led to the concept of Graded Radial Extension (GRE), which links local edge dynamics to the resulting overall cell motion: protrusion and retraction are * Now at SICHH, Swiss Integrative Center for Human Health, Fribourg, Switzerland directed normally to the cell edge with rates that are graded depending on the orientation with respect to the motion direction [26] . This model inspired several studies searching for the underlying mechanism in the form of a gradient of cytoskeletal and/or signaling components from the front to the back of the cell. Gradients of myosin II, actin, and small GTPases of the Rho family [6, 12, 14, 17, 22, 27, 28, 32] have been implicated, but it remains unclear how these gradients arise in the first place and whether they are cause or consequence of polarization and directed motion [29] . The concept of a directional gradient guiding the cell polarity axis cannot describe cell-edge activity in presence of multiple leading edges [30] or prior to the point when the direction of motion becomes defined. In this study, we start from quantification of experimentally observable cell edge dynamics to identify features that are common to the migration and the polarization process. We find that cell edge universally displays a distance-dependent switch from protrusion to retraction, and we develop a computational model to demonstrate that this property is sufficient for spontaneous polarization and directional motion.
I. EDGE DYNAMICS IN MIGRATING CELLS
Using a recently developed cell-edge segmentation and tracking method [31] , we have quantified protrusion velocities in keratocytes with high spatial and temporal resolution. During migration, the protrusion velocity in the regularly shaped (coherent) cells [12, 14] was nearly constant and stable in time along the central part of the leading edge, but declined and fluctuated toward the sides, becoming eventually negative (retraction) (Fig. 1a and  b) . While previous studies considered the edge velocity to be constant in time and rather emphasized its grada- (d) Switch probability as function of the normalized distance from the cell center. Distances were normalized by the maximum distance from the cell center in order to aggregate data from cells of different size. Contours were extracted every 2s from five different cells for a total of 236 contours. Scale bar is 6.45µm tion in space, we explore the outcome of temporal velocity fluctuations. We designed a method to identify the positions along the cell contour where the edge velocity switched in time from protrusion to retraction (PR) and from retraction to protrusion (RP) (Fig. 1c and Methods). Our mapping revealed that most of the switches localized to narrow zones at the lateral extremities of the cells. Plotting the switch probability as a function of the distance from the geometrical center of the cell (see Methods) indicated that approximately 70% of switches occurred between 90 and 100% of the maximal cell extension (Fig. 1d) . The majority of switches were from protrusion to retraction, but, interestingly, we observed that the cell extremities also displayed RP switches (∼ 15% the total number of switches), suggesting metastable edge dynamics at these sites. Some switches marginally appeared (≤ 5%) at intermediate distances (Fig. 1d) . They occurred at the back of the cell and were attributed to the dynamics of retraction fibers [33] .
We point out that the regions of most probable switching correspond at the same time to the maximal cell extension and to the parts of the cell edge displacing orthogonally to the direction of motion. To discriminate which of the two descriptors, orthogonal orientation with respect to the direction of motion or distance from the cell center, defines the distribution of switches, we manipulated the cells to change the distance between the edge and the cell center at different orientations. To increase the distance along the direction of motion, we placed a micropipette in front of the cell, allowing the leading edge to squeeze between the pipette and the substrate, but blocking the taller nucleus. The leading edge maintained its directional motion at constant velocity (right panel in Fig. 2a ) until the cell extended to a distance similar to its original maximal lateral extension. At this point, the edge halted, fluctuated, and switched to retraction, resulting in a reversal of cell motion ( Fig. 2a and Supplementary Video ??, similar responses observed in 12 out of 12 cells). We also tested the effect of a reduction of the distance between the edge and the cell center by cutting off a part of one lateral wing of a cell. The cut side exhibited persistent protrusion transverse to the direction of motion (inset in Fig. 2b ) until the cell recovered its original width. The protrusion zone may even propagate from the site of the cut to the back of the cell, resulting in a turning of the cell in the direction of the cut (Fig. 2b and Supplementary Video ??, identical response observed in 29 out of 32 cells). Since pipette blocking induced switches at the front and cutting suppressed them at the side, both types of manipulations provide evidence that switches are regulated by distance from the cell center rather than by angle with respect to the cell motion direction. If angular hypothesis was true, the cell would continue protruding at the front in the pipette experiment and maintained switches at the cut side in the cutting experiment.
II. EDGE DYNAMICS IN POLARIZING CELLS
Next, we investigated the dynamics of edge activity during the process of spontaneous cell polarization. In the course of polarization, most of the cells exhibited multiple irregular fluctuations and waves around the edge with small regions of protrusion and retraction coalescing into larger zones [31] (Fig. 3a , Supplementary Videos ?? and ??). Polarized cell with a single protruding and a single retracting region emerged as the result of these protrusion-retraction fluctuations that occurred during the polarization process. Interestingly some cells were trapped during polarization in exotic 2-fold or 3-fold symmetric configurations with several leading edges rotating for several minutes ( Fig. 3d and Supplementary Video ??). Both fluctuating and rotating cells eventually polarized forming a single protruding and a single retracting region. Mapping of switches in fluctuating cells showed that switch sites were distributed evenly along the cell edge (Fig. 3b ) and both types of transition had similar probability to occur (55% of the total number were PR switches). The distribution of switching distances displayed a peak of PR switches near the maximal cell extension and a peak of RP switches at intermediate distances (Fig. 3c ). In the cells that displayed multiple rotating edges, switches localized mostly at the tips and bases of the rotating segments (Fig. 3e) , and the two types of switches were unbalanced (65% of PR switches). As in fluctuating and migrating cells, PR switches occurred near the maximal cell extension, while RP switches were more likely at short distances from the cell center (Fig. 3f) .
Analysis of dynamics of PR switches in time during the transition between isotropic and polarized states demonstrated that they remained near the maximal cell extension during the entire process of polarization, including the onset of persistent migration (Fig. 3g) . Measuring the angle between the orientation of PR switches with respect to the cell center and the direction of the instantaneous velocity showed that switches occurred at any angle up to the onset of polarized state and then the angles became narrowed to the two zones orthogonal to the velocity ( Fig. 3h and j) . These results indicate that despite changes in cell morphology the switches from protrusion to retraction always occur near maximal cell extension suggesting that this is an important feature underlying cell-edge dynamics during the polarization process.
In order to gain insight into the mechanisms controlling this switching distance we tested if the cell width during migration and the response in body-blocking experiments depended on the cell volume, contractility, and the integrity of the microtubule system. Increasing the cell volume by hypo-osmotic treatment and inhibiting myosin-II-dependent contractility by blebbistatin both led to an increase in cell width (with eventual cell fragmentation in the case of myosin inhibition) (Fig. 4a) . Cell-bodyblocking experiments with inflated cells showed a partial suppression of the distance sensing: in 50% of the cases (3 out of 6 cells) cells kept extending their leading edge until it eventually detached from the cell body ( Fig. 4c and Supplementary Video ??). The blebbistatintreated cells extended their front lamellipodia away from the cell body, while remaining connected to the latter by a narrow stalk (in contrast to a wide bridge in the control case). However, in 75% of the cases (9 out of 12 cells) the lamellipodia did not extend continuously, instead turning to a motion direction parallel to the pipette ( Fig. 4b and Supplementary Video ??). These results indicate that distance sensing is not a trivial consequence of finite membrane area or of cytoskeletal protein content, but depends on the cell volume and/or threedimensional shape [34] along with myosin-dependent contractility. In contrast, disassembly of microtubules with nocodazole affected neither the cell width (Fig. 4a) , nor the cell response in the body-blocking experiments (Supplementary Video ??). This suggests that, unlike in other systems where micro-tubules were implicated in cell-size control [35, 36] , they do not play such a role in keratocytes.
III. COMPUTATIONAL MODEL
We developed a stochastic model incorporating the features of cell-edge dynamics uncovered in our experiments. The model is deliberately reductionist and minimal, in order to test whether switches induced by a threshold distance are indeed sufficient to explain the transition to a polarized state, directional motion and cell shape. We describe the cell edge by a set of points (i.e., computational particles) X i in two possible states: protrusion (P) or retraction (R). PR switches occur at a threshold distance r max from the cell center, while RP switches occur at a smaller threshold distance r min . The state of a point also changes if most of its neighbors within a defined interaction range are in the opposite state, providing coupling that enables local ordering of the edge activity. Specifically, each point i, at a distance r from the cell center has a probability P P →R (resp. P R→P ) to switch from protrusion to retraction (resp. from retraction to protrusion), given by:
where τ is an overall rate of transition (∆t −1 ) that takes into account the self-persistence of the point state. It effectively allows increasing the displacement of a point between transitions while preventing numerical instabilities. N rmax,σ 2 is a Gaussian random number with mean r max and variance σ 2 (corresponding to a noisy threshold distance), n i is the number of neighbors (within the range of interaction N) of i that are in the opposite state, ni N thus accounts for coupling. The position of each point i is then updated as: with protruding nodes moving outward normally to the edge at constant velocity V p (Fig. 1a) and retracting nodes moving toward the cell center (x c , y c ) with a distance dependent velocity V r (r) (Methods and Supplementary Fig. ??) . At each time step, the position of the cell center is calculated from the coordinates of edge points (x i , y i ) as described in Methods.
For a wide range of parameters ( Supplementary  Figs. ? ?, ??, ??), this combination of isotropic rules of local edge dynamics led to self-organization with spontaneous transition from disordered initial states to a polarized motile state with emergent shapes reproducing experimental observations (Fig. 5) . The simulations were started from a circular outline with random distribution of protruding and retracting points; first, the edge displayed strong shape fluctuations comparable to those observed in experiments with small protruding and retracting regions traveling and fusing into larger zones (Fig. 5a , Supplementary Video ??). Then, the persistently migrating state was reached with stable typical keratocyte shapes elongated perpendicular to the direction of motion (Fig. 5b, Supplementary Video ?? ). The analysis of the resulting cell outlines with the same switch mapping protocol that was used for real cells yielded distributions of switches similar to the experimental ones both for polarizing and migrating cells (Fig. 5d) . The model was also able to sustain the rotating state of a specific initial 3-fold configuration with three leading and trailing edges ( Fig. 5c and Supplementary Video ??). We also simulated cell-blocking experiments with a virtual pipette in the form of a line that could not be passed by the cell center. In this numerical experiment, the outline backed up in a way similar to real cells: by extending at a constant speed, halting, fluctuating in place, and eventually retracting and reversing its direction (Fig. 5e , and Supplementary Video ??). Finally, removing the lateral part of the cell outline and replacing it with a straight line segment resulted in persistent protrusion and turning of the cell toward the removed part of the edge (Supplementary Video ??), in agreement with the cutting experiments. The simulation model also allowed us to test different mechanisms of shape feedback. If the distance limit was replaced by linking the switching probability to either cell area or to the overall ratio of protruding vs. retracting points, the system developed neither stable shape nor directional motion (Supplementary Video ?? ). Any feedback coupling local edge dynamics to a mean cell property that affects all points would prevent local order from propagating. In contrast, the distance limit, while still encoding global information through the position of the cell center, affects only specific points. A distance threshold coupled to the motion of the cell creates localized zones of frustration at the cell edge, where PR switch is favored, maintaining phase segregation of cell-edge activity and hence stabilizing the system. Experimentally, only the lateral extremities of migrating cells reach the critical distance and switch from protrusion to retraction, thus stabilizing the width of the cell, while the points at the front and back move in concert and maintain their state as long as they do not pass the critical distance threshold. This switch distribution pattern is only possible if the cell has an elongated shape, explaining why such anisotropic shapes, minimizing the edge fluctuations, emerge from the isotropic distancethreshold mechanism. This is consistent with keratocytes being one of the most efficient types of migrating cells. If, for any reason, the aspect ratio of the cell decreases and approaches unity, our model predicts that the distance threshold would induce switches to retraction at the front and fluctuations of the velocity of the leading edge, resulting in a decrease of the net velocity of motion. Indeed, it has been experimentally observed that keratocyte velocity depends on the cell aspect ratio with cells of smaller aspect ratio having variable and lower velocities [14] . We have confirmed this effect experimentally and also reproduced it in the simulations (Fig. 5f ).
Protrusion/retraction transition is a ubiquitous cellular phenomenon that has been linked with various molecular processes [7] [8] [9] [10] and with mechanical force generation [11] . However, previous studies did not provide a unified model to relate local cell-edge fluctuations to either cell symmetry breaking during polarization or overall cell shape and motion. In this paper, we used high-resolution edge segmentation and cell-shape modification experiments, to show that the dynamics of switches from protrusion to retraction is controlled by the distance from the cell center. We developed a top-down stochastic model to demonstrate that this isotropic property of distance-dependence leads to spontaneous symmetry breaking. Our model thus relates overall cell behavior to local protrusion-retraction dynamics. The model simulations have shown that the hypothesized mechanism is indeed sufficient to reproduce the experimentally observed cell behavior, also under perturbations. Such distance sensing leads to a genuine self-organization with emerging shape and motion being the macroscopic manifestations of rotational symmetry breaking in the localization of switches. Our findings suggest that cell volume and contractility, but not the microtubule system, may play a role in the mechanism of distance sensing. One possibility related to contractile properties is that traction stresses generated by actomyosin network scale with the size of the network and induce detachment from the substrate and collapse at a critical distance. Another possibility is that the distance and volume can influence force balance at the cell edge through three-dimensional geometry: extension of the cell is expected to flatten its apical surface and therefore increase the components of membrane [34] and cortical tension [37] in the substrate plane, while increasing the cell volume would have the opposite effect on the orientation of forces and thus suppress distance sensitivity. These force-related mechanisms do not exclude a contribution of intra-cellular gradients of structural or regulatory components, which may depend on cell volume and contractility. A unique feature of our model, however, is that gradients do not necessarily have to be oriented in the direction of motion. Instead, we propose a center-to-periphery radial gradient of the probability of protrusion-retraction switches. This probability may depend on regulatory factors, e.g. small GTPases, that could develop a radial gradient by a reaction-diffusion mechanism [16, 18] , marking the cell margins in a way that is similar to how the Min-protein system in bacteria marks the middle of the cell [38] . After motion onset, front-to-back gradients may develop as well, but their role would be to reinforce motion rather than to initiate it. Another important feature of our model is that celledge activity is not imposed deterministically. Instead, the position in the putative radial gradient only encodes disjoint zones of increased switching probability. The behavior between these zones may rely on cytoskeletal reactions favoring persistence, e.g., autocatalytic actin network branching [39] and contraction that may be self-sustained due to its ability to concentrate myosin motors [6, 25, 33] . Future studies will uncover the interplay of cell contractility, cell volume, and other factors involved in radial organization in order to reveal the physical and molecular underpinnings of distance sensing and to determine how this mechanism is involved in different cell shapes and behaviors. , and the average cell outline aspect ratio (red curve) vs. range of interaction. For 2 ≤ N ≤ 10, the average cell speed is ≥ 0.5Vp (the system is considered to be in a motile state) with elongated shapes (AR ≤ 1.5). Simulation lasted for 10 6 time steps and were repeated 10 times for each range of interaction. Typical trajectories and cell outlines for N=6 (b), N=16 (c) and N=512 (d). Oulines were separated by 10,000 time steps (b) and 50,000 time steps (color curves (c,d)). We observed the transition from persistent motion with stable elongated shape (b) to irregular motion with disordered shapes (c) and a completely immobile state with rounded shapes (d). Timeseries of the number of points in protrusion (black), PR switches due to neighbor interaction (red), PR switches due to distance threshold (green) for N=6(e), 16(f) and 512(g). time steps and were repeated 10 times for each value of σ. We observed an optimal noise value σ ∼ 0.15rmax, characterised by a maximal average cell speed and a high aspect ration. For smaller noise values (σ < 0.1) shape and motion were unstable. Due to the small noise on the distance threshold, regions of protrusion initially at the front of the cell propagated to the back, resulting in a change of the cell shape and a turn in the direction of the propagation of the protrusive region. For higher noise value (σ = 0.25rmax), the system was in a metastable state alternating irregularly between periods of persistent migration and no motion. At larger noise values (σ ≥ 0.3rmax), no stable motion and persistent shape were observed. Typical trajectories and cell outlines for σ = 0.05rmax (b), σ = 0.25rmax (c), σ = 0.5rmax (d). Oulines were separated by 10,000 time steps (c) and 50,000 time steps (b and d). Timeseries of the number of points in protrusion (black), PR switches due to neighbor interaction (red), PR switches due to distance threshold (green) for σ = 0.05rmax (e), σ = 0.25rmax (f) and σ = 0.5rmax (g).
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